Oscillons are dense objects that may be copiously produced in the preheating period after inflation, during which what role general relativity might play is largely unknown. We investigate the oscillon preheating scenario in full general relativity, and compare the general-relativistic simulations with the traditional ones done in an FLRW background. We find that in certain parameter regions the general-relativistic corrections are significant, producing more and denser oscillons, and can be strong enough to collapse the oscillons to black holes.
Oscillons are oscillating quasi-solitons that are spatially localized and have a long lifetime in a class of scalar field theories whose potentials can generate attractive forces between inhomogeneities [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Thanks to advances in numerical tools and methods, their fascinating nonlinear properties and dynamics have been extensively investigated. Oscillons may play an important role in the early universe [15] [16] [17] [18] , particularly in the period of preheating [19] [20] [21] [22] [23] [24] [25] , when particles are explosively generated as inflation ends and parametric resonance takes place (see [26] [27] [28] [29] [30] [31] for pioneering works in preheating). In the oscillon preheating scenario, the inflaton condensate fragments into oscillons during the preheating process, leading to a period of oscillon dominated universe whose expansion rate mimics the matter dominated universe [19] . A stochastic background of gravitational waves can be produced during oscillon preheating [24, [32] [33] [34] [35] [36] [37] [38] . If the energy scale of the oscillon preheating or preheating-like period is sufficiently low, it may lead to interesting observable signals in the aLIGO experiments [33] . Scalar theories that support oscillons are those whose potentials are shallower than the quadratic ones [18] . Indeed, recent cosmological observations favor an inflationary potential that is flatter than the quadratic potential [39] .
The dynamics of preheating has been traditionally studied with nonlinear matter simulations in the homogeneous FLRW background driven by the spatially averaged matter fields. This approach only keeps the homogeneous mode of the metric but ignores the inhomogeneous gravitational backreaction. However, oscillons are densely concentrated objects, which prompts the question whether the backreaction will become important in oscillon preheating at least in some parameter space. To this end, numerical simulations with full generalrelativistic effects are needed, which account for all the non-linear and non-perturbative strong gravitational effects by solving the Einstein equations directly. Seeking full generalrelativistic solutions in cosmology has been explored in pre-inflationary era [40] [41] [42] [43] and in the late universe scenarios [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . The role of general relativity in a preheating model without oscillon formation has been very recently discussed in [54] .
In this paper, we will perform the first study on oscillon preheating under post-inflationary settings with the full power of numerical relativity, and compare the results to the simulations in an FLRW background. As we will see, for some parameter space, general-relativistic effects can be manifest, which tend to condensate more and denser oscillons than the traditional treatment with an FLRW background, and formation of primordial black holes can also be identified.
We will focus on a class of minimally coupled models given by the action
with the potential
which is parametrized by the mass of the inflaton m and two dimensionless parameters α and β ≡ M/M pl (M pl being the reduced Planck mass). We fix m by matching to the power spectrum of curvature perturbations from most recent CMB observations [39] 
where N 50 is the e-folds to the end of inflation, and the range of 0 < α < 1 and 0 < β < 100 is considered. For α < 1, the potential is flatter than the quadratic mass term at large φ and interpolates to the mass term at small φ, thus belonging to the "open-up" type and supporting the oscillons formation. This class of models are also motivated by inflation model constructions in string/M theory [55] [56] [57] .
The metric satisfies Einstein's equations and the scalar field obeys the Klein-Gorden equation φ = dV /dφ. In traditional oscillon preheating simulations, the metric is fixed to be the homogeneous FLRW form and the Klein-Gordon equation reduces tö
where a is the scale factor, and the time evolution of the Hubble parameter H follows the Friedmann equation that depends on the spatial averaging of the energy momentum tensor.
We will refer to this as the FLRW scheme.
In the FLRW scheme, by a Floquet analysis, φ in momentum space goes approximately as
and thus the formation rate of oscillons is linked to the real part of Floquet exponent (µ k ).
Oscillons can effectively form when strong parametric resonance occurs, which is roughly when | (µ k )|/H 7, and the maximum value of | (µ k )|/H is approximately proportional to β [19] . The FLRW scheme, while simple to implement and useful for many purposes, may not fully resolve the dynamics of oscillons where self-gravity becomes strong, for which case we need a fully general-relativistic treatment (to be referred to as the full GR scheme). To this end, we follow the conventional 3+1 formalism and decompose the spacetime metric into the form
where N and N i are the lapse function and shift vector respectively and γ ij is the spatial metric. We also cast the Klein-Gordon equation into a hyperbolic forṁ
where ψ i is the auxiliary field ψ i ≡ ∂ i φ, K is the trace of the extrinsic curvature and Π is the canonical momentum of the scalar field
To evolve the metric components together with the scalar field they couple to, we employ the grid-based numerical relativity code CosmoGRaPH [58] , which makes use of the BSSN formalism [59] [60] [61] and integrates Adaptive Mesh Refinement (AMR) framework into its time evolution scheme. Its AMR feature is based on SAMRAI [62] , an open-source AMR application infrastructure. To identify any black hole that might have formed during the evolution, we use the AHFinderDirect package [63] , integrated as a subroutine to detect any apparent horizon existing on the hypersurface.
To facilitate an easy comparison to the FLRW treatment, we seek exact solutions to the constraint equations that mostly resemble the FLRW metric. Following the standard conventions in the BSSN formalism, we redefine γ ij ≡ Ψ 4γ ij and the extrinsic curvature K ij ≡ A ij + 1 3 γ ij K, and we choose the initial Ansatz such thatγ ij = δ ij , A ij = 0. Since K = −3H, we also choose an initial homogeneous K such that the corresponding Hubble parameter satisfies the Friedmann equation. The initial configuration of the scalar field is set to satisfyφ = 0 and a standard spectrum of the initial vacuum fluctuations for φ = M . We then solve the non-linear constraint equation for Ψ by employing the multigrid solver integrated within CosmoGRaPH, which utilizes a full multigrid iteration scheme and an inexact-Newton-relaxation method [64] . To ensure numerical convergence of the elliptic solver, a cut-off at wavenumber k = 8 is implemented.
The gauge conditions used in our full GR simulation is a modified version of the widely employed "1+log" and "Gamma-driver" conditions:
where η is chosen to be 0.5 andΓ i ≡γ jkΓi jk ,Γ i jk being the Christoffel symbols ofγ ij . This combination of gauge choices has been shown to have powerful singularity-avoidance properties [65] . For better numerical stability and to maximally mimic the behavior of the FLRW scheme, the "1+log" gauge used here is slightly different from the usual one by an extra reference expansion rate, K , which is the conformal average of the extrinsic curvature K over the whole spatial hypersurface. For both the FLRW scheme and the full GR scheme, the simulations are running with a periodic box whose size is L = 50m −1 . We will mostly use a uniform resolution of N res = 256 and apply extrapolations from extra runs with lower resolutions when necessary. However, for the cases where black holes emerge, it is crucially that the AMR feature is enabled. Now, we are ready to present the results of our simulations. In the oscillon preheating scenario, as revealed by previous simulations with the FLRW scheme, when the slow-roll parameters approach unity and the Hubble parameter drops below the mass of the inflaton, the inflaton condensate starts to oscillate, and parametric resonance takes place, fragmenting the homogeneous condensate into lumps, which then evolve to form oscillons. They are generated at almost fixed spatial positions and become stabilized after several Hubble times. They soon dominate the universe and can last for a long time, delaying thermalization. The big picture of oscillon preheating stands in the full GR simulations, and indeed when β is sufficiently large, the production rate of oscillons in the full GR scheme is essentially the same as in the FLRW simulations; see the top two plots of Fig. 1 for the density contrast ρ/ ρ in both schemes when β = 75 at t = 65m −1 . However, significant discrepancies manifest for smaller values of β as the strength of the parametric resonance starts to decrease. In particular, for β = 20 at t = 345m −1 (when the β = 20 GR scheme gives the same oscillon fraction as the β = 75 GR case at t = 65m −1 ), a significantly higher production rate of oscillons can be seen when the full GR effects are taken into account, as showed in the bottom two plots of Fig. 1 . This implies that strong gravity effects become important when β is small. This difference can be quantified by computing the energy fraction the oscillons contain, which is defined as the fraction of energies contained in regions where the energy density is greater than twice the average:
As can be seen in Fig. 2 , when β is large and parametric resonance is very strong, the fraction increases quickly with time until reaching a plateau around f = 0.7, with the fraction in the full GR scheme agreeing very well with the FLRW scheme. Again, discrepancies emerge for smaller β such as β = 20, in which case parametric resonance is relatively weaker and the fraction grows slower with time, but the effects of self-gravity become much more important and a significantly higher fraction of oscillons is observed in the full GR scheme. The shaded region represents uncertainties from the extrapolations from runs with different resolutions (see [66] for the extrapolation and error estimation method). Also, see Fig. 3 for a comparison of the plateau oscillon fractions in the two schemes for different β's. For a given β, the central value for either scheme is obtained by averaging the fraction curve with time after it enters the plateau stage and also by extrapolating between different resolutions, and the error bars are from these two sources. The central fraction of energy in the FLRW scheme agrees very well with the previous work [19] . However, the central fraction of energy in the full GR scheme gradually deviates from that of the FLRW scheme when β decreases. Thus, again, we see that a fully general-relativistic treatment becomes essential for small β. In the full GR scheme, the error bars from large β mainly come from statistical errors when averaging the plateau fraction with time, while the extrapolation errors gradually become dominant at small β. In the FLRW scheme, the statistical errors are always dominant. The increasing trend of the extrapolating errors in the full GR scheme can also be seen from the convergence tests for the two most unstable GR simulations (β = 20 and β = 25, as shown in the second plot in Fig. 3 ): although still showing second order convergence, the β = 20 case converges slower than the β = 25 case at its plateau. This suggests self-gravity is so strong in the small β regime that the resolution is becoming the bottle neck to improve the accuracy of the simulation. The strong self-gravity effects for small β can also effectively back-react to the scalar sector. To confirm this, we calculate the power spectrum P k of φ. As shown in Fig. 4 , the power spectrum of the scalar field is significantly higher in the full GR scheme than in the FLRW scheme, whereas for large β the two schemes are almost the same except for high k.
For small β, nonlinear self-gravity effects become important, increasing the energy density of the generated oscillon. It is natural to ask whether the gravitational effects would then collapse the oscillons into black holes. The fact that more numerical resolutions are needed for small β might be taken as a hint of some unresolved strong-gravity phenomena there. AMR then becomes crucial in order to accurately resolve the small scale non-perturbative dynamics. We use the density contrast ρ/ ρ as the indicator to mark when and where to increase the resolution so that the regions where oscillons form will have higher resolutions. For easy identification of the apparent horizon, we apply a single box-size mode as the initial data for the scalar field on the initial slice such that only a single oscillon would form in the box during the preheating process. We tune the amplitude of the initial fluctuation such that the oscillon fraction before the black hole formation coincides with the oscillon fraction from an initial spectrum with more modes. Indeed, black holes can form for small β. See Fig. 5 for an example of an apparent horizon with α = 0.18 and β = 18. A slice of the scalar field and the apparent horizon identified is shown when the black hole forms. We have also initiated the task to carve out the 2D parameter space (α and β) where oscillons can collapse to black holes, which is difficult because, even with AMR, high resolutions and better convergence of the apparent horizon finder turn out to be crucial for this task. This limits our ability to mark a clear boundary for the black hole formation region. In Fig. 6 , based on about 20 runs, we have marked a tentative boundary of the black hole formation region. Since the line with [| (µ k )|/H] max = 7 approximately marks the strong resonance region in the FLRW scheme, the overlapping between the black hole region and the strong resonance region suggests extra care needs to be taken and a fully general relativistic simulation with sufficiently high resolution will be needed in this parameter region. So far, we have focused on a preheating model where the φ field inflates the universe before rolling down to reheat, for which the m parameter in the potential is fixed by the CMB observations. In this scenario, the produced black holes have relatively small masses and thus do not survive to the present day. However, it is easy to see that action (1) is invariant under the scaling x µ → λx µ , V → λ −2 V . Therefore, in a hybrid inflation or preheating-like model where m is not subject to this restriction, oscillons can collapse to much more massive black holes, which can survive to be primordial black holes in the current universe.
To summarize, we have quantified the effects of general relativity during the oscillon preheating scenario by comparing simulations in the full GR scheme with those in the FLRW scheme. By solving the Einstein equations exactly, we can confirm the formation of oscillons in this scenario as well as the agreement between the two schemes when β is large. However, significant discrepancies do emerge when β is small. For small β, simulations in the full GR scheme tend to condensate significantly more oscillons than the FLRW scheme, signaling stronger gravity effects. The strong-gravity and high non-perturbativity make the full GR simulations with oscillons more difficult to converge, even with the AMR functionalities. Nevertheless, our results show that oscillons are capable of collapsing into black holes in the preheating period. We have focused on the preheating scenario after inflation, for which the scalar mass m is fixed by the CMB observations. However, φ may not be the inflaton field but a field that develops a condensate after inflation, for which case the oscillons and thus the collapsed black holes can be much more massive. If these primordial black holes are of appropriate astronomical scales, a merge event of a binary of them may produce gravitational wave signals observable in the aLIGO experiments.
